Abstract Natural anisotropic building-blocks such as cellulose nanocrystals (CNCs) have attracted considerable attention due to their biodegradability and nanometer-size. In this work the colloidal behavior of CNCs, obtained from sulfuric acid hydrolysis of microcrystalline cellulose, has been studied in presence of salts of different valences. The influence on the colloidal stability and nature of aggregates has been investigated for monovalent salts (LiCl, NaCl, KCl, CsCl), divalent salts (CaCl 2 and MgCl 2 ), and a trivalent salt (AlCl 3 ), both experimentally by means of turbidity and small angle X-ray scattering (SAXS) measurements, as well as by Monte Carlo simulations using a simple coarse-grained model. For the entire salt series, a critical aggregation concentration (CAC) could be determined by turbidity measurements, as a result of the reduction of effective Coulomb repulsions due to the presence of sulfate groups on the CNC surface. The CACs also followed the Schulze-Hardy law, i.e. the critical aggregation concentration decreased with increasing counterion valence. For the monovalent ions, the CACs followed the trend
Introduction
Anisotropic particles extracted from natural resources, such as cellulose nanocrystals (CNCs) or cellulose nanofibrils (CNFs), have many advantages of interest for material design. Recent reports have demonstrated that their use as innovative building blocks can lead to materials with outstanding performances (Håkansson et al. 2014 ). This mainly owes to the inherent characteristics of nanocellulose, such as high crystallinity and aspect ratio of the nanofibers (Peng et al. 2011) . For instance, CNCs have been used for material reinforcement in nanocomposites and for designing functional nanomaterials towards special applications such as biomedical materials (drug carriers), optical materials, mechanically adaptive materials, emulsion stabilizers, decontamination of organic pollutants, etc. (Lin et al. 2012) .
More recently, studies have focused on the interactions of CNCs in suspension and it is now regarded as a colloid rather than as a fiber. In that perspective, the aggregation and gelation of the nanocellulose dispersed in suspension become crucial for further development of new materials (Chau et al. 2015; Salas et al. 2014) . Thus, understanding how the interactions of nanocellulose, i.e. its colloidal behavior, depend on e.g. salt and/or polymer concentration is of great importance.
It is now well established that the stability of colloidal suspensions can be altered by the addition of salt, which affects the electrostatic contribution to the interparticle interactions. Already more than a century ago, Schulze and Hardy, found that salts containing multivalent ions were much more efficient in coagulating colloidal suspensions than monovalent ones (Lyklema 2013 ). This empirical observation was later rationalized by the DLVO theory, which assumes that the interaction potential of two colloidal particles is dominated by electrical double layer repulsions and van der Waals attractions. Suspensions of charged particles are therefore stable at low salt concentrations and the stability is lost when the salt concentration increases.
The transition between the stable dispersion and the aggregated state is rather sudden and it is referred to as the critical aggregation concentration (CAC) . From the Schulze-Hardy rule, it can be shown that:
where Z is the valence of the counterion, n = 6 for highly charged particles and n = 2 for weakly ones. This rule has been proven to be valid for many systems of rod-like particles, such as carbon nanotubes (Sano et al. 2001 ) and nanocellulose (Rånby 1951; Wågberg et al. 2008) . Wågberg et al. (2008) and Fall et al. (2011) , have developed a model for predicting colloidal stability of cellulose nanofibers (CNFs) bearing carboxyl groups on the surface based on DLVO theory. In their theory the coupled adsorption of protons and counterions with the carboxyl groups was also taken into consideration. This model describes how the stability of the CNF is affected as a function of pH and NaCl concentration. They have also demonstrated, experimentally, that aggregation and gelation are induced by decreasing the pH, i.e. reducing the surface charge, or by increasing the salt concentration.
Similar alterations can be achieved by the addition of polymers (Borkovec and Papastavrou 2008) , especially with polyelectrolytes (Borkovec et al. 2012 ). In Boluk et al. (2012) studied the aggregation behavior of CNCs in the dilute and the semi-dilute concentration range induced by the addition of water soluble polymers. They showed that the addition of rod shaped CNC particles in the semi-dilute regime led to the formation of weak gels and significantly altered the rheological and linear viscoelastic properties of the semi-dilute polymer solutions. They also proposed a model based on the DLVO theory with the introduction of a term dealing with the depletion forces between two parallel plates. Later, Fukuzumi et al. (2014) have studied TEMPO oxidized CNF in the dilute concentration regime in the presence of NaCl, MgCl 2 and CaCl 2 . They reported that the critical aggregation concentration of the rod particles could be explained by the interaction potential energy between two cylindrical rods based on DLVO theory.
Recently, the morphology of the CNC aggregates in the presence of NaCl was investigated in details using ultra small angle neutron scattering technique (Cherhal et al. 2015) . The advantage of the technique is that it allows probing the aggregation process under a very large q-range. They have shown that at low salt concentration, the aggregates are formed by side-toside association of the CNC particles while for high salinity, they tend to organize in a randomly oriented configuration with a fractal dimension of about 2.1 for the charged CNCs and higher for the neutral system.
Despite a number of works on the stability of various type of nanocellulose (Araki 2013; Boluk et al. 2012; Cherhal et al. 2015; de Souza Lima et al. 2003; Dong et al. 1996; Elazzouzi-Hafraoui et al. 2008; Fukuzumi et al. 2014; Revol et al. 1992; Wågberg et al. 2008; Zhong et al. 2012) , to the best of our knowledge, no systematic study has been reported on the stability of aqueous CNC suspensions as a function of electrolytes at different concentrations, and with ions of different valences. Furthermore, very little attention has been dedicated to the influence of these parameters on the structure of the formed aggregates. The structure of the aggregates and the concentration and valence dependence of the aggregation are central to understand when considering new materials from CNC suspensions.
In this work, CNCs stabilized by sulfate groups has been prepared by acid hydrolysis of microcrystalline cellulose. The aggregation of CNC particles in presence of salt of various valences was monitored by turbidity measurements, also taking into consideration the role of the Hofmeister serie for 1:1 salt, and by coarse-grained Monte Carlo simulations. The structural changes in the aggregation process were investigated by small angle X-ray scattering.
Materials, methods and simulation

Materials
Dowex Marathon MR-3 hydrogen form (SigmaAldrich, Germany), NaCl (98.0 %, Sigma-Aldrich, Germany), LiCl (99.0 %, Sigma-Aldrich, Germany), CsCl (99.0 %, Sigma-Aldrich, Germany), KCl (99.0 %, Sigma-Aldrich, Germany), CaCl 2 (99.0 %, Sigma-Aldrich, Germany), MgCl 2 (99.0 %, SigmaAldrich, Germany), AlCl 3 (99.0 %, Sigma-Aldrich, Germany), and sulfuric acid (95.0-98.0 % w/w, Sigma-Aldrich, Germany), were used without further purification. Microcrystalline cellulose (Avicel PH-101 NF) was a donation from FMC BioPolymer, USA.
Water was purified with Millipore Milli-Q purification system (resistivity [18.2 MX cm).
For the particle charge density titration a solution of 0.001 N polydiallyldimethyl ammonium chloride (polyDADMAC) was used.
Methods
Preparation of cellulose nanocrystals
The preparation route is adapted from the method reported by Bondeson et al. (2006) . In brief, 40 g of MCC (Avicel PH-101 NF) was dispersed in Milli-Q water (400 mL) in a 2 L Erlenmeyer flask while stirred and cooled by an ice bath. Sulfuric acid (95-98 %, w/w) was added drop-wise to reach a final concentration of 64 % (w/w). The temperature was kept below 20°C throughout the addition. The reaction mixture was then heated to 45°C, and left to react under vigorous stirring for 130 min. Thereafter the reaction was quenched by an addition of 4 L deionized water and centrifuged at 3900 rpm in cycles of 15 min. The supernatant was discarded and replaced by deionized water. This procedure was repeated until the supernatant became turbid. The cellulose suspension was put on dialysis (membrane cut-off 12,000-14,000 Da) against deionized water, which was changed twice daily until the conductivity of deionized water was reached. The cellulose was then sonicated (Vibracell Sonicator, Sonics and Materials Inc., Danbury, CT, USA) at 40 % output in three cycles of 14 min each. To ensure removal of any trace of ions, the cellulose suspension was ion-exchanged (Dowex Marathon MR-3 resin, hydrogen form) under continuous stirring for 48 h. The mixture was filtered through a glass filter (no. 2) to separate the cellulose from the resin, and subsequently titrated by conductometry with a NaOH solution (0.02 M). A final centrifugation step was carried out to remove any large aggregate (3900 rpm, 5 min), resulting in suspension with a dry weight of *0.5 % (w/w). The suspension was concentrated to 2 % (w/w) with a rotary evaporator.
Charge density titration was performed with a solution of polyDADMAC 0.001 N using a particle charge detector, CAS charge analyzing system (AFG, Analytic GMBH). The value of 0.20 ± 0.02 e/nm 2 is the average of 3 measurements. Cellulose (2016) 23:3653-3663 3655
Dynamic light scattering
Depolarized and polarized dynamic light scattering (DDLS and DLS) measurements were performed on a ALV/CGS-8F (Germany). The light source was a solid-state laser, with a wavelength k = 532 nm, and the sample temperature was controlled by a thermostat bath to 20 ± 0.2°C. Toluene has been used as an index matching liquid. Measurements were made at angles of observation (h) between 12°and 150°. The CNC particles were diluted in 10 mM NaCl to minimize the electrostatic interactions between rods. The dynamic properties of the CNC suspension were investigated in the VV mode (vertical -vertical mode) as well as in the VH mode (vertical -horizontal mode) in order to probe the scattered intensity obtained from both rotational and translational motion. The intensity autocorrelation function (IACF) measured with DLS (g 2 ðtÞ ¼ Ið0ÞIðtÞ=I
2 ) is related to the normalized electric field correlation function, g 1 ðtÞ, by the Siegert relation (Berne and Pecora 2000) . g 1 ðtÞ was analyzed in terms of a monomodal distribution of relaxation times:
where s is the characteristic relaxation time.
Small angle X ray scattering
Small angle X-ray scattering (SAXS) experiments were carried out at the I911-4 beamline (Labrador et al. 2013 ) at the MAX-IV laboratory synchrotron using a wavelength of 0.91 Å . The samples were analyzed in a capillary maintained at 20°C, and were prepared 24 h prior to the measurements. For each sample, the scattering of pure solvent (MilliQ water ? salt) was also measured i.e. the background. Two-dimensional SAXS images were recorded in a PILATUS 1 M detector (Dectris) using an exposure time of 120 s. The scattering vector q [q = 4p (sin h)/ k, where k is the wavelength and 2h is the scattering angle] was calibrated with a silver behenate sample. Reported scattering profiles I(q) were obtained as the difference of the radial averaged SAXS 2D images from the sample and solvent. Data reduction was performed using the Nika package in Igor pro (Ilavsky 2012) .
Turbidity
Turbidity measurements were performed as a function of wavelength in a rectangular airtight quartz cuvette with a path length of 10 mm using a Cary 60 UV-Vis spectrometer (Agilent Technologies). All the measurements reported in this study were performed at room temperature. The baseline was recorded by a measurement on MilliQ water, and the value of the absorbance at 400 nm was used as a measure of the turbidity in the samples. All samples were filtered before measurement using Sartorius 0.8 lm filter before 2.5 mL of the sample was transferred to the cuvette. The titrations were carried out as follows: to 2.5 mL sample in a cuvette, 5-20 lL aliquots of a concentrated stock solution of salt were successively added, and after each addition the cuvette was shaken vigorously before measurements.
Coarse-grained model
We have used a coarse-grained model to study the interaction between two CNC rods, which is visualized in Fig. 1 . The system consists of two charged rods, and its counterions, making it electroneutral. Due to computational resources, the size of the rods was reduced, although the aspect ratio was in agreement with the values determined by light scattering measurements. Each rod was modeled as nineteen overlapping and charged Lennard-Jones (LJ) spheres (sites), giving a total length, L = 34 nm, and a diameter of d = 3.4 nm. This is approximately five times smaller than experimental estimations, but there were no significant effects of the reduced size of the rods (c.f. simulations for a system with L = 17 nm and d = 1.7 nm). The effect of water was taken into account implicitly, i.e. treated as a uniform continuum with a dielectric constant of r ¼ 78:3. All the interactions were assumed to be pairwise additive. The Hamiltonian of the system consists of two terms, (1) LennardJones (LJ) and (2) coulomb interaction, see Eq. (3)
where e ij determines the short-ranged van der Waals (vdW) attraction, r ij is the distance, and r ij ¼ ðr i þ r j Þ=2 is the diameter for particle i and j. The strength of the interaction parameter was set to e ionÀsite ¼ e ionÀion ¼ 0:01 kT and r site ¼ 3:4 nm, r ion ¼ 0:4 nm. k, T, e, 0 , and z i is the Boltzmann constant, temperature, elementary charge, permittivity of vacuum and valence of particle i, respectively.
Monte Carlo simulations
All particles were enclosed in a cylinder with length L cyl and radius R cyl , and the volume of the cylinder was set to mimic the experimental concentrations. The two parallel CNC rods were fixed symmetrically around the origin with their center of mass on the z-axis, and the ions were allowed to explore the cell with random single particle translations. The equilibrium properties of the system were obtained by utilizing the Monte Carlo Metropolis simulation (Metropolis et al. 1953) within the grand canonical (lVT) ensemble i.e. the chemical potential, volume, and temperature were kept constant. Thus, the salt was allowed to exchange with a bulk reservoir with a set chemical potential. All simulations were performed using Faunus (Stenqvist et al. 2013 ) and the temperature was set to 300 K. The free energy between the two parallel rods, WðrÞ, was calculated as a function of the center of mass distance, r, by integrating the mean force The interaction between the rods was investigated for different surface charge densities, salt concentrations, and cation valences. In the model described above there are two fitting parameters: (1) the rod surface charge density, and (2) the non-electrostatic LJ-parameter between the rod sites. The probability of aggregation, P agg , was estimated by the following equation:
where U agg is the free energy in kT for the aggregated state i.e. at r = 3.7 nm and U nonÀagg ¼ 0 kT is the free energy in the non-aggregated state. Thus, the partition function is reduced to only include two configurations i.e. the non-aggregated and the aggregated states.
Results and discussion
Preparation and characterization of CNCs
Cellulose nanocrystals were produced by hydrolysis of microcrystalline cellulose by sulfuric acid yielding negatively charged CNC particles with sulfate surface groups. This provided a stable dispersion of the particles in water as a consequence of the electrostatic Fig. S4 ).
Aggregation behavior
The aggregation behavior of the CNC suspension was studied by means of turbidity and SAXS. Simulations were conducted to reveal the role of salt concentration on the aggregation and qualitatively estimate the aggregation parameters.
Influence of the CNC concentration
The evolution of the absorbance at a wavelength k = 400 nm was used to measure the turbidity of the solutions at different CNC concentrations, at different salt concentrations, and valence of the salts. As can be seen in Fig. 2a , for NaCl and CaCl 2 , the behavior of the turbidity versus salt concentration follows a classical colloidal behavior (Gregory 1976) . After an initial plateau at low concentrations, where the presence of salt does not affect the colloidal behavior, a steep increase can be noticed. The concentration where the onset of the turbidity is observed is referred to as the critical aggregation concentration (CAC) and corresponds to the first macroscopic sign of aggregation. For concentrations greater than CAC, the turbidity is increasing until a second plateau is reached. As visible, the CAC does not depend on the particle concentration, which confirms that the concentration range used throughout this study allows a direct observation of the balance of the attractive and repulsive forces in the system. At higher concentrations, aggregation would have induced a change in viscosity of the suspension leading to a strong concentration-dependence of the aggregation. This is obviously not the case here. Figure 2b shows the data normalized in absorbance and plotted against ionic strength instead of salt concentration. One can note that there is a clear difference in the onset of turbidity for the monovalent salt compared to the divalent salt. This indicates that it is not a simple screening effect of the electrostatic repulsive forces that is triggering the aggregation. In such a situation, the value of CAC would be nearly identical. This will be discussed further below.
Ion specific effects for monovalent ions
As can be seen in Fig. 3a, for Fig. 2 Turbidity at k = 400 nm of CNC suspension for different CNC concentrations as a function of (a, left) salt concentration and of (b, right) ionic strength for divalent salts and monovalent salts, as indicated in the figure 2010 ; Vlachy et al. 2009 ). Similar effects have been observed for other colloids such as bubbles (Craig et al. 1993) , silica nanoparticles (Franks 2002) as well as globular proteins (Boström et al. 2003) . Our results show a direct correspondence to the Hofmeister series where the surface affinity increases according to Li
. The correspondence between the CAC and the surface affinity can be rationalized since the ions that adsorb close to the surface will have a high screening efficiency; consequently, a lower electrolyte concentration is required to destabilize the dispersion (Lyklema 2003 (Lyklema , 2009 . A tentative explanation for the surface affinity can be obtained from the law of matching affinities, proposed by Vlachy et al. (2009) . As can be seen in Fig. 3a , the lowest CAC was determined for soft cations such as Cesium whereas it increased significantly with Lithium (hard cations). Owing to the preparation route, the stability of CNC particles is due to the presence of charged sulfate groups, which are also soft in terms of charge density. There is a good affinity between cesium and sulfate groups, while lithium interacts to less extent with the CNC surface charges. As a result, the aggregation is triggered at lower concentration for Cesium than for Lithium.
Influence of the ion valence
In systems where solely electrostatic interactions are involved in the stabilization, a strong dependency in the CAC can be observed with the valence of the ions. We therefore carried out a systematic series of turbidity measurement at a fixed CNC concentration (C = 0.67 g/L) for different salts, lithium, sodium, potassium and cesium chloride for the monovalent species, calcium and magnesium chloride for the divalent species, and aluminum chloride for the trivalent species, to reveal the effect of the valence of the ions. The results are shown Fig. 3b . As can be seen, the CAC shifts by one order of magnitude when increasing the valence of the cation by one. Such a strong effect on the CAC of colloidal systems is usually approximated by the Schulze-Hardy rule in terms of 1/Z 6 , where z is the valence of the cation (Lyklema 2013) . Our data follows well the SchulzeHardy rule, even though a minor deviation can be observed, see supporting information. A slight deviation from the Schulze-Hardy behavior can easily be expected since the current system deals with nonspherical particles. Furthermore this rule is often regarded as a rule of thumb since it is based on several approximations.
Internal structure of the aggregate The internal structure of CNC aggregates at C = 0.67 g/L formed by adding salt was investigated by means of SAXS. Figure 4 shows an example of the experimental data at three selected concentrations of the monovalent salt KCl. No correlation peak could be detected for the investigated q-range, and solely a variation in the slope of the scattering curve for q B 0.05 Å -1 was observed. This indicates that the aggregates are randomly oriented with an internal structure that is independent of salt concentration.
In the investigated q-range, the scattering intensity follows a power-law dependence as function of q, which indicates that the internal structure is fractal (Sorensen 2001) . The fractal dimension d f can be determined from the slope of the curve, and it is directly related to the compactness of the aggregates, where densely packed structures result in an increase in the scattering intensity and a steeper decay compared to more open structures with smaller fractal dimensions. Figure 5 shows the fractal dimension as a function of the salt concentration. The fractal dimension increases with increasing salt concentration, corresponding to a densification of the aggregates. One can also observe that there is a rather strong dependence on the valence of the cations with a decrease in the onset of densification with increased valence. Similar behavior was found in CNC hydrogel systems for higher rod concentration (Chau et al. 2015) , where it was shown that the mesh size of the gels increased with increasing the salt concentration or by increasing CNC concentration at constant salt content. Furthermore, the maximum values of d f increase with increasing the ion valence, from d f = 2.1 for monovalent ions to d f = 2.15 for divalent and d f = 2.35 for trivalent ions. The values for monovalent ions was in good agreement with the ones reported by Cherhal et al. (2015) where similar values of d f were found in the case of charged CNCs. Interestingly, the value of d f = 2.35 obtained from trivalent ion is slightly higher than the one from the neutral CNCs system in the presence of monovalent ions where the aggregates have a value of 2.3. The results for the fractal dimension correlate with the results for the CAC, both showing a strong increase at a certain salt concentration and reaching a maximum value at high salt concentrations. The agreement between the onset in turbidity (CAC) and slope increase (fractal dimension) in the SAXS experiment with increasing salt concentration, as well as the slope increase with cation valence as a function salt concentration, have previously been found for the clay mineral montmorillonite (Michot et al. 2013) . Although the slope is larger for clay, it agrees well with the general behavior for colloids driven mainly by electrostatic interactions.
Monte Carlo simulations
By utilizing a coarse-grained model, we could obtain a molecular understanding of the aggregation properties of the system, and how it was affected by ionic strength and valence of the cations. The experimental CACs were estimated to be 50 mM NaCl, 5 mM CaCl 2 , and 0.2 mM AlCl 3 (see Fig. 3 ). These results have been used to estimate the first fitting parameter (the surface charge density) of the CNC rods, where the CAC should correspond to a global minimum in the free energy. In order to observe such behavior for our model system, we investigated the effect of pure electrostatic interactions with the aim to find a rod surface charge density that gave the same free energies at molecular contact i.e. the aggregated state for all the above given salts.
The free energies for several different surface charge densities were calculated, and for a surface charge density of -0.1 e/nm 2 , similar free energies between the different salts were found, i.e. at molecular contact 3.7 nm. Such a surface density is in agreement with values found in the literature (Kalashnikova et al. 2012 be found, as experimentally determined here. The long-ranged electrostatic repulsion increased in the following order 50 mM NaCl \ 5 mM CaCl 2 \ 0.2 mM AlCl 3 , and for the short-ranged electrostatic repulsion, we found the opposite behavior. The screening of the electrostatic interaction alone did not induce aggregation; therefore we had to tune the second fitting parameter e siteÀsite (the vdW attractive interaction) to observe aggregation. To obtain a global free energy minimum between the rods for the selected salt concentrations, an e siteÀsite ¼ 0:13 kT was introduced. A higher charge density can be compensated by stronger vdW interaction, i.e. a higher e siteÀsite value. In Fig. 6 the free energy between the rods (rod surface charge density of -0.1 e/nm 2 ) is shown for several salt concentrations. Figure 7 shows the probability of aggregation as a function of salt concentration and ionic strength. We found a high probability of aggregation at 100 mM NaCl, 10 mM CaCl 2 , and 0.1 mM AlCl 3 . The probability of aggregation in Fig. 7 was very well correlated to the onset of turbidity (i.e. the CAC) shown in Fig. 2 and Fig. 3b .
Conclusions
This work presents in detail the colloidal stability and aggregation behavior of aqueous CNC suspensions in the presence of salts with different valences. These anisotropic particles were perfectly stabilized at low ionic strength, which gave us a possibility to determine particle dimension using light scattering techniques, while they tended to aggregate with increasing salt content, resulting in an increase of the turbidity. Multivalent ions were much more efficient in inducing aggregation than the monovalent ones, which resulted in a decrease of CAC with increasing cation valence. However, the CAC did not perfectly follow the Schulze-Hardy rule, which indicated that, other interactions than the electrostatic screening effect probably were involved in controlling the observed behavior. The density of the aggregates increased with increasing salt concentration above the CAC and became constant at high salt concentrations.
A coarse-grained model for cellulose nanocrystals that includes the vdW-forces and the electrostatic interactions was used to analyze the effect of valence and salt concentration. The model had two fitting parameters: the surface charge density and the strength of the vdW-forces. For a surface charge density of -0.1 e/nm 2 and an e siteÀsite ¼ 0:13 kT, the simulations agreed well with the experiments where the probability of aggregation was comparable to the turbidity measurements. 
W(r) (kT) Fig. 6 Free energy as a function of center of mass distance, r, between two parallel rods with surface charge density -0.1 e/ nm 2 and e siteÀsite ¼ 0:13 kT. a Free energy for three different concentrations of NaCl (10, 20, and 100 mM). Two separations between the rods are highlighted, (1) corresponds to the aggregated state (r = 3.7 nm) and (2) corresponds to a stabilized, non-aggregated state. b Free energy for three different concentrations of CaCl 2 (1, 2, and 10 mM). c Free energy for three different concentrations of AlCl 3 (0.01, 0.1, and 0.5 mM)
The results from this study are of importance for controlling the aggregation and gelation of the CNCs thus offering new opportunities for structural design of this new class of anisotropic particles. 
